Schwannoma tumors, which occur sporadically and in patients with neurofibromatosis, account for 8% of intracranial tumors and can only be treated by surgical removal. Most schwannomas have biallelic mutations in the NF2 tumor suppressor gene. We previously showed that schwannoma-derived Schwann cells exhibit membrane ruffling and aberrant cell spreading when plated onto laminin, indicative of fundamental F-actin cytoskeletal defects. Here we expand these observations to a large group of sporadic and NF2-related tumors and extend them to schwannomatosis-derived tumors. Mutation at NF2 correlated with F-actin abnormalities, but the extent of morphological change did not correlate with the type of NF2 mutation. We used a recently described molecular strategy, TAT-mediated protein transfer, to acutely introduce the NF2 protein, merlin, into primary human schwannoma cells in an attempt to reverse the cytoskeletal phenotype. Abnormal ruffling and cell spreading by cells with identified NF2 mutations were rapidly reversed by introduction of TAT-merlin. The effect is specific to TAT-merlin isoform 1, the growth-suppressive isoform of merlin. TAT-merlin isoform 2, a TAT-merlin mutant (L64P), and merlin lacking TAT were ineffective in reversing the cytoskeletal phenotype. Results show that merlin isoform 1 is sufficient to restore normal actin organization in NF2-deficient human tumor cells, demonstrating a key role for merlin in the NF2 phenotype. These results lay the foundation for epigenetic complementation studies in NF2 mouse models and possibly for experiments to evaluate the utility of merlin transduction into patients as protein therapy.
Schwannomas are benign encapsulated Schwann cell tumors that occur sporadically and in patients with the diseases neurofibromatosis type 2 (NF2) and schwannomatosis. NF2 patients uniformly develop schwannomas on the vestibular portion of the eighth cranial nerve and often on other cranial nerves, spinal roots, or peripheral nerves. The NF2 gene on human chromosome 22q12 was cloned (36, 47) , enabling mutational analysis of patient blood samples and "second-hit" analysis of NF2-related tumors. Most NF2 patient tumors and sporadic schwannomas have biallelic inactivating mutations in the NF2 gene (3, 8, 25, 31, 37) , consistent with its action as a tumor suppressor. Schwannomatosis patients do not carry NF2 germ line mutations, and the molecular basis of their disease remains unknown, yet schwannomas from schwannomatosis patients also have biallelic NF2 mutations (19) . We hypothesized that all three classes of schwannoma have cellular changes resulting from NF2 inactivation and would respond to similar therapeutic approaches.
How NF2 functions as a tumor suppressor is being intensively studied. The type and location of mutations do not predict schwannoma cell proliferation (18) . Schwannoma cells express the Schwann cell marker proteins S100 and vimentin and often the intermediate filament protein GFAP (20, 21) and usually grow slowly in vitro (16, 32, 35) .
The NF2 protein, merlin or schwannomin, belongs to the ERM (ezrin-moesin-radixin) family of membrane-cytoskeleton linking proteins. ERM proteins have N-terminal halves that interact with membrane proteins and a C-terminal region that mediates binding to the actin cytoskeleton (2) . Merlin lacks the C-terminal actin-binding site common to ERM proteins but binds actin via its N-terminal domain (6, 48) . Merlin also interacts with the cytoskeleton indirectly through ERM proteins (11, 15, 24, 27, 29) . If merlin regulates the actin cytoskeleton, loss of NF2 in schwannomas is expected to cause tumor formation through disruption of cell shape, cell matrix, and cellcell communication or signaling functions attributed to actinplasma membrane interactions.
Comparison of primary normal human Schwann cells (NHSCs) and cells isolated from schwannomas (32) revealed striking differences between the two cell types. Schwannoma cells had five-to sevenfold-larger surface areas and actin-rich membrane ruffles on contact with laminin that were absent in NHSCs. The actin cytoskeletal changes could not be linked to the NF2 mutation because genetic information on the tumors analyzed was unavailable.
If these cytoskeletal abnormalities are due to the absence of merlin, then introduction of merlin into these cells should rescue the aberrant cytoskeletal phenotype. To carry out quantitative experiments on the very small numbers of primary human schwannoma cells available, and since human Schwann cells are largely resistant to transfection and retroviral infection (16), we used the technique of TAT protein transduction pioneered by Nagahara et al. (28) . When added to culture medium, TAT proteins enter cells in a concentration-dependent manner and are refolded, presumably by endogenous chaperones (28, 40) . Using this technique, we generated merlin fusion proteins containing an 11-amino-acid NH 2 -terminal domain from the human immunodeficiency virus (HIV) TAT protein. Here we present evidence that merlin isoform 1 reverses the abnormal cytoskeletal phenotypes of schwannoma cells from tumors that occurred sporadically or in NF2 or schwannomatosis patients.
MATERIALS AND METHODS
Patient information. Patient diagnosis was based on clinical criteria (12, 19) . Tissues from clinically indicated procedures were collected after pathological examination. Tumors were divided at surgery, with half snap frozen and half placed into tissue culture medium. Tumor NF2-8 and paired normal liver tissue were collected at autopsy. DNA was extracted from peripheral blood leukocytes using the Puregene DNA extraction kit (Gentra Systems) and from frozen pulverized tumor tissue by sodium dodecyl sulfate-proteinase K digestion followed by phenol-chloroform extraction.
Genetic analysis of tumor specimens. We amplified the first 15 NF2 exons from genomic tumor DNA and separated products on nondenaturing polyacrylamide gels to identify single-strand conformational polymorphisms (SSCP) (19) . Comparison with known controls allowed identification of aberrant mobility. Sequencing determined the molecular basis for each aberration. SSCP and sequencing of genomic DNA from peripheral blood specimens were limited to exons with alterations in paired tumor specimen. Loss-of-heterozygosity analysis used primer pairs from polymorphic microsatellite markers proximal to NF2 (D22S275 and D22S193), distal to NF2 (D22S268 and D22S430), and intragenic markers (D22S929 and NF2TET) (19) . We analyzed all blood tumor pairs with a minimum of two informative markers.
Cell culture. Normal human nerves were bathed for 5 days in Dulbecco's modified Eagle's medium (DMEM)-10% fetal bovine serum (FBS)-penicillinstreptomycin (Gibco)-2 M forskolin (Calbiochem)-14 ng of recombinant human glial growth factor (rhGGF2) per ml (23) . Medium was changed every two days. Tumors were dissociated immediately on receipt in the lab. Nerve and tumor dissociation was done for 4 to 6 h at 37°C in 20 ml of L15 medium (Gibco) with 1.25 U of dispase (Boehringer-Mannheim) per ml, 0.05% collagenase (Worthington Biochemicals), and gentamicin (50 g/ml). Samples were centrifuged, and pellets were resuspended in serum-free N2 medium with 2 M forskolin plus 14 ng of rhGGF and 50 g of gentamicin per ml (growth medium) and then plated onto poly-L-lysine-coated dishes (32) . To avoid cell loss, tumor cells were plated in 100 l of growth medium for 10 min, and then 1.5 ml of growth medium was added. Typical tumor specimens resulted in sufficient cells for plating in a single 35-mm dish.
Expression and purification of TAT-merlin. We used primer-based PCR to tag the human cDNAs encoding merlin isoforms 1 and 2 with a human c-Myc epitope (24) and inserted them into the EcoRI site of pTAT (28) , producing pmTAT-NF2-1 and pmTAT-NF2-2, respectively. Mutant merlin (L64P), found in some NF2 patients and segregating with disease (http://neurosurgery.mgh .harvard.edu/NFresrch.htm), was generated using the Quick Change mutagenesis kit (Strategene). Sequencing confirmed the fidelity of PCR amplification and in-frame ligation.
Bacterial clones of BL21(DE3) transformed with pTAT-NF2-1 or pTAT-NF2-2 were cultured in Luria-Bertani broth to an optical density at 280 nm of 0.5 to 0.6. Isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was then added to 0.4 mM. After 3 to 5 h of shaking at low speed, cells were pelleted at 3,000 ϫ g and then suspended in lysis buffer (300 mM NaCl, 50 mM Tris-HCl [pH 8.0], 0.1% Triton X-100). After 0.5 mM phenylmethylsulfonyl fluoride and 100 g of lysozyme per ml addition, the cell suspension was placed on ice for 20 min, ultrasonicated, and then clarified by centrifugation at 12,000 ϫ g for 10 min. The supernatant contained native TAT-merlin that was further purified using Ninitrilotriacetic acid column and a desalting PD-10 column (28) . Protein concentration was measured with a BCA kit (Pierce).
Ruffling assays. Purified TAT protein was added to the N2 medium bathing schwannoma cells for 5 h. The cells were then washed and trypsinized, and 5 ϫ 10 3 to 10 ϫ 10 3 cells were plated onto laminin-coated cover slips as a 20-l drop in N2 medium (32) . Fifteen minutes later, wells were flooded with N2 plus 10% FBS for 30 min, and then cells fixed in 4% paraformaldehyde for 10 min. To identify Schwann cells, we stained with anti-rabbit S100␤ antibody (1:6,000, Dako) followed by tetramethyl rhodamine isocyanate (TRITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) (Jackson Labs) and 4,4-difluoro-3a,4a-diaza-S-indacene BODIPY Fluor or Alexa Fluor 488 phalloidin (Molecular Probes) for visualizing microfilaments. Monoclonal anti-Myc antibody 9E10 was used to visualize TAT-merlin. Cells were viewed and photographed on a Zeiss LSM510. Percent membrane ruffling was calculated as the number of S100-positive Schwann cells exhibiting ruffles divided by the total number of Schwann cells counted. For each sample, at least 100 Schwann cells were counted.
Perimeter measurements. Five thousand cells were plated on laminin-coated cover slips, allowed to adhere for 15 min, and then incubated in N2 plus 10% FBS for 3 h. Cells were fixed and stained as described above. For each sample, the perimeters of 20 cells were traced, and areas were calculated using Metamorph software (Universal Imaging).
RESULTS

Schwannoma cells have abnormal actin organization.
To characterize the schwannoma cell actin cytoskeleton, the Factin staining patterns of normal human Schwann cells and schwannoma cells were analyzed. Confirming Pelton et al. (32) , Schwann cells from sporadic schwannomas (Fig. 1A ) and NF2 patient schwannomas (Table 1) showed ruffling plasma membranes 30 min after plating onto laminin. To determine if schwannoma cells from schwannomatosis patients also exhibit ruffling, cells were analyzed as above. Cells from schwannomatosis patients showed intense membrane ruffling (Fig. 1B) . In contrast, no cells with ruffling membranes were detected in preparations of normal human (Fig. 1C) or neurofibroma Schwann cells (Fig. 1D ). In addition, the spread area was measured on 20 S100-positive cells from each sample. Normal human Schwann cells and Schwann cells from neurofibroma tumors exhibited areas of less than 3,000 m 2 , whereas schwannoma and schwannomatosis cells had areas ranging from 1,000 to 10,000 m 2 (Table 1) . Thus, abnormal actin Table 1 . The percentage of the S100-positive cells showing ruffling varied from a low of 15% to a high of 97%. Cells from several tumors were assayed over two sequential passages and showed similar numbers of cells with increased size at each passage ( Table 1 ). The differences among cells in a specific sample are therefore unlikely to have been caused by passage effects or by day-to-day variation in assay conditions. Genetic analysis of tumor and blood specimens. A possible explanation for variability in the percentage of cells showing aberrant actin cytoskeleton within an individual tumor is that specific NF2 mutations influence the extent of ruffling and cell spreading. To determine whether variability in the percentage of cells with ruffling correlates with a specific type of NF2 mutation, genetic analysis was performed on tumors from eight NF2 patients and three schwannomatosis patients. Typical mutations were detected in the NF2 gene in 9 of 11 tumors studied (Table 2 ). In six of eight tumors from NF2 patients, the mutation detected was also present in the corresponding blood sample, indicating that it was the germ line mutation causing the patient's NF2. None of the mutations detected in tumors from schwannomatosis patients were detected in the blood sample, consistent with previous results showing lack of germ line NF2 mutation in these patients (19) .
Unexpectedly, putative polymorphisms were detected in two samples. In sample NF2-3, a C to T transition at a codon wobble position in exon 5 was seen in both tumor and paired blood specimens. Because a typical germ line mutation was also detected in this patient, it is unlikely that this silent change contributes to the patient's phenotype. In patient SCH-3, an intronic change was detected at a nonconserved position 4 bp 3Ј to exon 6. This alteration was seen in the patient's blood sample and the sample from the patient's father, who was unaffected, suggesting that it is a benign polymorphism.
Second hits were detected in 7 of 12 tumors studied. In a single case (NF2-3), a second mutation was detected in the tumor and not found in the blood sample. In six other tumors, loss of heterozygosity of flanking and/or intragenic markers was seen in the tumor specimen relative to the blood. In all cases, loss or retention was seen with all informative markers studied, as expected. The data are consistent with loss of NF2 function in schwannoma cells, but the extent of the F-actin cytoskeletal abnormalities did not correlate with the type of NF2 mutation.
TAT-linked merlin protein enters schwannoma cells. To test the feasibility of using TAT-linked proteins to transduce cells, TAT-merlin protein with a C-terminal Myc tag was generated ( Fig. 2A and B) . Normal human Schwann cells in culture a Membrane ruffling and cell spreading assays were performed on cells isolated from designated tumor samples at passage 0. Some tumor strains were reassayed for membrane ruffles or cell spreading at passage 1. Reassay data are shown in parentheses. n.d., not done. a Mutations are listed in the format given in Jacoby et al. (19) , with the numbering of bases showing alterations relative to the cDNA sequence with the initiator ATG beginning at base 1. Alterations seen in the paired blood sample are printed in bold. *, liver specimen used instead of paired blood sample. UF, no mutation detected by exon scanning. PM, putative polymorphism. LOH, loss of heterozygosity. **, the NF2-5 and NF2-6 tumors were two anatomically distinct spinal cord tumors from the same patient. n.d., not determined.
contain such low levels of merlin that it is not detectable on Western blots. Normal human Schwann cells treated with TAT-merlin for 5 h and then washed contained TAT-merlin (detected by anti-Myc) on Western blotting (Fig. 2C, lane 2) . When 5 h of exposure was followed by a 16-h washout (Fig. 2C,  lane 3) , little Myc-tagged merlin was detected. Schwannoma cells were incubated with TAT-merlin and then washed, fixed, and stained with anti-Myc antibody (Fig. 2E) . After 5 h of incubation, merlin protein was detected at the plasma membrane, as anticipated (10, 38, 39, 42) . All cells were labeled by anti-Myc, indicating merlin introduction. Since Myc staining was not detectable with shorter incubations, subsequent experiments used 5 h of incubation in TAT proteins.
TAT-merlin isoform 1 reverses cytoskeletal defects in schwannoma cells. We tested the ability of TAT-merlin isoform 1 to inhibit aberrant ruffling and cell spreading phenotypes of schwannoma cells. Previous experiments with TATlinked proteins used 10 to 140 nM TAT fusion protein (28) . As no biochemical assay is available for merlin function, this range of concentrations was used in an attempt to reverse schwannoma cell defects. Cells were treated with TAT-merlin for 5 h, removed from dishes with trypsin, and then plated for ruffling or spreading assays. In a dose-dependent manner, treatment with TAT-merlin isoform 1 dramatically reduced the ruffling phenotype characteristic of NF2-deficient cells (Fig. 3A) , and similar results were observed in three different tumor cell preparations (Fig. 4B) . TAT-merlin isoform 1-treated cells assumed a rounded morphology like that of normal human Schwann cells (Fig. 3B and 3C ). To confirm the specificity of these results, control experiments were carried out. To exclude the possibility that merlin protein could act outside cells, merlin without a TAT tag (Fig.  3D ) was added to cells but did not correct the ruffling defect. TAT-␤-galactosidase also failed to correct schwannoma cell ruffling (Fig. 3F) . Another control was to add TAT-merlin to schwannoma cells for 5 h, change the medium, and incubate for 16 h without TAT-merlin. After washout, schwannoma cells showed ruffling membranes similar to untreated schwannoma cells (Fig. 4A) . Furthermore, merlin carrying a missense mutation, L64P (13), did not reverse the phenotype (Fig. 3G  and 4A ). Merlin has two isoforms resulting from alternative splicing (1). Merlin isoform 1 but not isoform 2 suppressed ruffling and cell size defects (Fig. 3C, 3E, and 4A) .
We previously showed that schwannoma cells ruffle on contact with fibronectin and collagen as well as on laminin. Because laminin and fibronectin but not collagen are enriched in schwannomas, we tested if the reversal occurs on fibronectin. TAT-merlin isoform 1 but not TAT-merlin L64P inhibited ruffling of schwannoma cells plated onto fibronectin (not shown). The percentages of inhibition of ruffling on fibronectin and laminin were identical. Coverslips containing cells exposed to TAT-merlin isoform 1 had significantly fewer schwannoma cells than did the untreated cells. Thirty minutes after plating, the number of TATmerlin isoform 1-treated cells adhering to the coverslips decreased in a dose-dependent manner; at 60 g of TAT-merlin isoform 1 per ml in three experiments with cells from three different schwannomas, 34, 6 , and 21% of cells were adherent (not shown) compared to untreated controls. Lack of attachment was not observed when cells were treated with TATmerlin isoform 2 or when NHSCs were treated with TATmerlin isoform 1 at 60 g/ml (not shown). When TAT-merlintreated schwannoma cells were counted 3 h after plating, 72% of cells were attached (not shown). Thus, concurrent with loss of ruffling, introduction of merlin causes transient inhibition of cell attachment.
Three hours after plating, most TAT-merlin isoform 1-treated schwannoma cells had surface areas smaller than those of the untreated controls and comparable to those of NHSCs. Figure 4C shows size measurements on cells from a sporadic schwannoma, a schwannoma from an NF2 patient, and a schwannoma from a schwannomatosis patient. In each case, exposure to TAT-merlin isoform 1 but not TAT-merlin isoform 2 dramatically reduced cell size.
To determine the specificity of this approach, normal human Schwann cells were treated with TAT-merlin isoform 1, TATmerlin L64P, or merlin with no TAT. No changes in cell morphology were observed (not shown). No cells with ruffling membranes or increase in cell size were detected (not shown). Furthermore, the number of attached cells was not significantly different in each group (number of attached cells: no TATmerlin, 855 cells/coverslip; TAT-merlin L64P, 836 cells/coverslip; TAT-merlin isoform 1, 968 cells/coverslip).
DISCUSSION
We have established that NF2-deficient schwannoma cells, whether isolated from schwannomatosis patients, NF2 patients, or sporadic schwannomas, exhibit cytoskeletal abnormalities manifested by membrane ruffling and large surface areas. The effects are specific to schwannoma cells, as they are not found in Schwann cells from normal human nerve or neurofibromas. Thus, whether the NF2 mutation is acquired subsequent to inherited mutation at the schwannomatosis locus, inherited mutation at NF2, or sporadically, schwannoma cells have a common cytoskeletal phenotype.
Schwannoma cells, like normal Schwann cells, express matrix-binding integrins ␣2␤1 and ␣6␤1 (34). Within schwannomas, cells are surrounded by a laminin-and fibronectin-rich matrix (5) . Cells bind to the matrix via cell surface receptors, including a ␤1 integrin, with which merlin coprecipitates (30) . Our previous data showed ruffling and spreading defects when schwannoma cells contact laminin and fibronectin (32) . Here we show that schwannoma cells of all three classes ruffle on FIG. 4 . TAT-merlin isoform 1 specifically reverses the F-actin cytoskeletal defects in schwannoma cells: quantitation. (A and B) TATmerlin isoform 1 was added to cells from the tumor type designated under the x axis. Cells were replated onto laminin in the presence of serum. The percentage of cells with membrane ruffles was measured as for Fig. 1 and 3. (A) Left of the vertical line, TAT-merlin isoform 1 (I) but not TAT-merlin isoform 1 with a mutation (L64P) reverses schwannoma cell membrane ruffling. The effects of TAT-merlin isoform 1 were reversed when cells were treated with TAT-merlin 1 for 5 h and then exposed overnight to medium without TAT-merlin isoform 1 (1w/o). To the right of the vertical line, membrane ruffling was inhibited by TAT-merlin isoform 1 (I) but not TAT-merlin isoform 2 (II) or TAT-␤-galactosidase (␤-gal). (C) From each tumor type designated under the x axis, cells were exposed to 60 g of TAT-merlin isoform 1 and then washed, replated, and stained as for panel A, and their spread areas were measured. (43) . They proposed a model in which active, dephosphorylated merlin attenuates Rac signals and inactive, phosphorylated merlin potentiates Rac signaling. Our results in schwannoma cells, which lack merlin, are consistent with this model, as they have increased ruffling that can be inhibited by dominant negative Rac (32) . Hyperactivation of Rac may result from elevated Rac activation, decreased Rac inactivation, or merlin-mediated control of Rac localization. The lack of biochemical quantities of schwannoma cells precludes differentiation among these possibilities at this time.
In addition to its role in actin cytoskeletal organization (33), Rac signaling can enhance cell proliferation stimulated by adhesion to fibronectin (26) . Overexpression of merlin increased cell growth in confluent cells, and merlin and the haluronic acid receptor CD44 form a molecular switch specifying cell growth arrest or proliferation (27) .
We chose to focus our analysis on schwannoma cell cytoskeletal defects for several reasons. First, cell proliferation is elevated in cells from some but not all schwannomas, while cytoskeletal defects are present in cells from all tumors (32) . Second, cytoskeletal alterations may be linked to changes in cell growth and ultimately tumor formation. Altered schwannoma cell-matrix interactions are likely to be relevant to cell growth and the integrity of the cytoskeleton.
The percentage of schwannoma cells exhibiting membrane ruffling and increased cell size varies from tumor to tumor. There seem to be two populations of Schwann cells per tumor, one that exhibits cytoskeletal abnormalities and one that does not, because the percentage of cells with abnormal actin cytoskeleton does not change with increased passage number. We cannot exclude the possibility that phenotypic differences reflect normal Schwann cells within the sample through contamination from normal nerve during tumor resection. However, genetic analysis failed to reveal large amounts of contaminating wild-type allele, and several tumors analyzed were removed via open craniotomy, making this unlikely (see the discussion in reference 45). The reproducible heterogeneity among cells from individual tumors might also reflect the two histological areas in schwannomas, Antoni A and B (7), with cells from these regions having different phenotypes. A related possibility is a predisposition for a second genetic event(s) occurring in some but not all cells.
The severity of individual patients' disease was not obviously correlated with the extent of membrane ruffling or cell size. For example, two tumors from a single patient with severe disease (NF2-5 and NF2-6) had high ruffling membranes but one had 35% and the other 100% large cells. Two other patients, NF2-8 and NF2-1, had very similar severe disease, but 40 and 35% of their cells were ruffled.
Also, there was no correlation between the percentage of cells with aberrant ruffling and those that had large cell size in a given tumor cell strain, and ruffling was observed independent of cell size. This leaves open the possibility of different genetic or epigenetic changes in addition to NF2 mutation underlying the two phenotypes. The idea that an additional mutation(s) secondary to NF2 mutation is necessary for formation of schwannomas is supported by evidence in the NF2 conditional knockout mouse. In these mice, schwannomas occur at low frequency, although most Schwann cells are predicted to have lost NF2 function (9) . If mutations occur at loci other than NF2 in human schwannoma formation, they remain unidentified.
We hypothesized that if lack of merlin causes abnormal cytoskeletal organization, then adding merlin back to schwannoma cells would reverse the phenotype. Initiating mutations, when reversed, are sufficient to control tumor growth even late in tumorigenesis (4) . When treated with TAT-merlin isoform 1, schwannoma cells exhibited a decrease in membrane ruffling and had a smaller surface area. There are several reasons to believe that this effect was specific. First, this effect was not mimicked by TAT-␤-galactosidase or by merlin without a TAT sequence. Second, this effect was both dose and time dependent. Although the mechanism by which TAT fusion proteins transduce cells is not known, TAT protein effects are concentration dependent (28) . Third, the effects of TAT-merlin were reversible. Reversibility could occur if TAT-merlin inside cells becomes degraded and/or if TAT-merlin uses the TAT transporter mechanism to exit cells when the extracellular TATmerlin concentration is lower than that inside the cells. In either case, the reversibility argues that the ruffling phenotype occurs only when TAT-merlin isoform I was present inside the cells. Finally, similar levels of TAT-merlin isoform 1 did not affect attachment or the actin cytoskeleton of normal human Schwann cells.
TAT-merlin isoform 2 did not reverse the cytoskeletal defects in schwannoma cells although the alternatively spliced NF2 mRNA is present in Schwann cells (1, 24) . Similarly, only merlin isoform 1 complements growth defects in transformed cell lines (44) . The merlin fusion proteins used here were tagged at their C and N termini. These tags did not compromise the ability of TAT-merlin isoform 1 protein to reverse the cytoskeletal phenotypes, in spite of evidence that missense mutations that impair merlin folding inhibit its ability to suppress growth and cell spreading (14) . Our results are consistent with those of Shaw et al., who showed that a C-terminally Myc-tagged merlin isoform 1 inhibits phosphorylation of c-jun N-terminal kinase downstream of Rac as effectively as or better than untagged merlin (43) . However, we cannot rule out the possibility that untagged amino and/or carboxy termini are necessary for TAT-merlin isoform 2 to function in Schwann cells.
Previous studies utilizing merlin over-and underexpression and merlin missense mutants all reported loss of cell adhesion in cell lines (13, 17, 46) . Interestingly, the introduction of TAT-merlin caused a transient reduction in attachment to laminin, concomitant with decreased membrane ruffling, of schwannoma cells but not normal human Schwann cells. Cell type-specific merlin usage or relative merlin concentration could explain these varied results. TAT-merlin induced attenuation of cell-substrate interaction and of ruffling are likely related phenotypes, consistent with the view that merlin acts as a tumor suppressor by regulating cell-matrix interaction.
We conclude that merlin isoform 1 is sufficient to reverse the abnormal F-actin cytoskeletal phenotypes exhibited by NF2- (40) , so in view of the specificity of TATmerlin for schwannoma cells, it could in principle be used therapeutically. Our experiments therefore lay the foundation for epigenetic complementation studies in NF2 mouse models and for treating NF2-deficient tumors using TAT-merlin, which may, in the future, be used alone or in conjunction with other therapies.
